This study was designed to examine: (a) the effects of adenosine and its analogues on renin release in the absence of tubules, glomeruli, and macula densa, and (b) whether adenosine may be involved in a macula densa-mediated renin release mechanism. Rabbit afferent arterioles (Af) alone and afferent arterioles with macula densa attached (Af + MD) were microdissected and incubated for two consecutive 30-min periods. Hourly renin release rate from a single arteriole (or an arteriole with macula densa) was calculated and expressed as ng Al * h-' * Al (or Af + MD-')/h (where AI is angiotensin I). Basal renin release rate from Af was 0.69±0.09 ng AI * h-1 * Af-/h (x±SEM, n = 16) and remained stable for 60 min. Basal renin release rate from Af + MD was 0.20±0.04 ng Al * h-* Af + MD-1/h (n = 6), which was significantly lower (P < 0.0025) than that from Af. When adenosine (0.1 MM) was added to Af, renin release decreased from 0.72+0.16 to 0.24±0.04 ng Al * h-1 * Af'-/h (P < 0.025; n = 9). However, when adenosine was added to Af + MD, no significant change in renin release was observed. N'-cyclohexyl adenosine (an Al adenosine receptor agonist) at 0.1 MM decreased renin release from Af from 0.69±0.14 to 0.39±0.12 ng Al * h-1 * Af'-/h (a = 5, P < 0.05). However, 5'-N-ethylcarboxamide adenosine (an A2 adenosine receptor agonist) either at 0.1 uMM or at 10 MAM had no effect. Theophylline, at a concentration (10 MM) that does not block phosphodiesterase but does block adenosine receptors, increased renin release from Af + MD from 0.21+0.03 to 0.46±0.08 ng Al h-1 -Af + MD-'/ h (P < 0.05; n = 8). The results are consistent with the hypotheses that adenosine decreases renin release via the activation of Al adenosine receptors, and that adenosine may be an inhibitory signal from the macula densa to juxtaglomerular cells.
Introduction
It has been shown that intrarenal infusions of adenosine decrease renin release in sodium-depleted animals (I1-3), and it has been suggested that endogenous adenosine may be a regulator of renin release (1) . However, the mechanism by which adenosine inhibits renin release is not well understood. In addition to inhibiting renin release, adenosine has been shown to induce changes in renal hemodynamics (1) (2) (3) (4) , sodium excretion (1-3), and sympathetic nervous activity (5) . Therefore, the inhibitory action of adenosine on renin release could be secondary to these changes. On the other hand, studies in renal cortical slices (6) have indicated that adenosine directly inhibits renin release.
Increasing the sodium load to the kidney is known to decrease renin release, possibly through a tubular mechanism involving the macula densa segment of the nephron (7) . In addition, it has been reported that the infusion of hypertonic saline into the thoracic aorta elevates renal tissue levels ofadenosine (8) . Based on evidence such as this, it has been proposed that increased sodium chloride transport at the macula densa results in increased adenosine formation; these increased levels of adenosine then inhibit renin secretion from juxtaglomerular cells (9, 10) .
The present study was designed first to examine the direct effect of adenosine on renin release, and second to examine the possible role of endogenous adenosine in a macula densa mechanism of renin release. For these purposes, we microdissected afferent arterioles alone ( 11) and afferent arterioles with macula densa attached ( 12) , and incubated the structures in vitro. Using these two preparations, we studied the effects on renin release of adenosine, selective adenosine receptor agonists, and theophylline, a competitive antagonist of adenosine.
Methods
The following materials were obtained commercially: Medium 199 was obtained from Gibco Laboratories (Grand Island, NY); bovine serum albumin (BSA), from Schwartz/Mann (Div. Becton Dickinson Immunodiagnostics, Orangeburg, NY); sodium heparin (1,000 U/ml), from Elkins-Sinn, Inc. (Cherry Hill, NJ); sodium pentobarbital (Nembutal, 50 mg/ml), from Abbott Laboratories (Irving, TX); adenosine and theophylline, from Sigma Chemical Co. (St. Louis, MO); and N6-cyclohexyladenosine, from Biochem-Behring Corp. (La Jolla, CA).
5'-N-ethylcarboxamide adenosine was kindly supplied by Dr. James Bristol of Warner Lambert Co., Ann Arbor, MI.
Isolation and incubation procedures for afferent arterioles alone andfor afferent arterioles with macula densa attached
The methods for the isolation and incubation of afferent arterioles and afferent arterioles with macula densa attached have been described previously (1 1, 12) . Briefly, young male New Zealand White rabbits (1.5-2.5 kg) maintained on a low sodium diet containing 0.48% sodium chloride (Ralston Purina Co., St. Louis, MI) and tap water ad lib. were anesthetized with sodium pentobarbital (40 mg/kg, i.v.) and given an intravenous injection of heparin. The left kidney was perfused in situ with cold, oxygenated (95% 02 and 5% CO2) Medium 199 containing 0.1% BSA. The kidney was then removed and sliced along the corticomedullary axis. Slices were placed in ice-cold Medium 199 and microdissected at 4VC under a stereomicroscope at magnifications up to 100X.
The afferent arterioles were severed from interlobular arteries and glomeruli using hypodermic needles (26-30 gauge) . Care was taken to avoid the distortion of arterioles or the disruption of vascular poles.
During the microdissection of arterioles with macula densa attached, the thick ascending limb of the loop of Henle and the distal convoluted tubule were each cut off at a point <50 ,gm from the macula densa. Fig. 1 
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Approximately five afferent arterioles and afferent arterioles with macula densa attached were microdissected from the outer half of the cortex in 90 min. The microdissected structures in each group were transferred into a small plastic ladle that had a nylon mesh bottom (54 ,m; Tetko, Inc., Elmsford, NY). The ladles with afferent arterioles or afferent arterioles with macula densa attached were preincubated in 7 ml of oxygenated Medium 199 + 0.1% BSA for 35 min. After preincubation, each ladle was rinsed, blotted, and transferred into a small plastic microtube containing 100 ul of oxygenated Medium 199 + 0.1% BSA. The gas layer above the incubation medium was replaced with 95% 02 + 5% C02, and the microtubes were covered tightly. The microdissected structures were incubated for 30 min and then the ladle was transferred to fresh medium for another 30-min incubation period. Incubation medium left in the microtube was frozen (-20'C) until the renin assay was performed. After serial incubations were completed, it was confirmed microscopically that all microdissected structures remained in the ladle. Microdissected structures were placed in 1 ml of Medium 199 + 0.1% BSA and were frozen immediately. After freezing and thawing were repeated five times, the tissue samples were stored frozen until the renin assay was performed.
Experimental protocols Adenosine. Afferent arterioles and arterioles with macula densa attached were incubated in Medium 199 + 0.1% BSA for the first (control) period and then placed in medium containing adenosine for the second (experimental) period. Two concentrations ofadenosine were tested:
Synthetic adenosine receptor agonists. Since adenosine affected renin release only from afferent arterioles alone (see Results), this experiment was done using afferent arterioles alone. Arterioles were exposed to N6-cyclohexyl adenosine (an A, adenosine receptor agonist [13] ) or 5'-Nethylcarboxamide adenosine (an A2 adenosine receptor agonist [13] ) during the experimental period. Two concentrations ofeach agonist were tested: 1.0 X I0-M and 1.0 X 10-5 M.
Antagonism ofexogenous adenosine with theophylline. This experiment was carried out using afferent arterioles alone for the same reason as mentioned above. Afferent arterioles were pretreated with theophylline at 1.0 X 10-5 M. It has been shown that this concentration of theophylline does not block phosphodiesterase but does block adenosine receptors (14) . Theophylline was present from the preincubation to the end of incubations. Adenosine (1.0 X 10-7 M) was added to the incubation medium for the second incubation period.
Antagonism ofendogenous adenosine with theophylline. Since basal renin release was less in the presence of attached macula densa (see Results), we tested whether endogenous adenosine is involved in the inhibitory action of the macula densa. Afferent arterioles and arterioles with macula densa attached were exposed to the theophylline at 1.0 X 10-5 M during the second incubation period.
Analysis ofrenin activity
Incubation medium and tissue samples were incubated with partially purified rabbit substrate equivalent to 1,000 ng of angiotensin I (AI)' at 37°C for 3 h (pH 6.5). Generated AI was measured by radioimmunoassay. Substrate was prepared by ammonium sulfate fractionation ofthe plasma obtained from 48-h nephrectomized rabbits. Substrate had specific activities ranging from 300 to 700 ng AI/mg protein and had no detectable renin or angiotensinase activity. (Table I) . Although tissue renin content of afferent arterioles with macula densa attached was not different from that ofafferent arterioles alone, renin release rate was significantly less in afferent arterioles with macula densa attached (P < 0.025). Thus, the ratio of renin release to tissue renin content was significantly smaller (P < 0.0005) in afferent arterioles with macula densa (0.25±0.05%) than in afferent arterioles alone (1.67±0.32%).
Adenosine. When afferent arterioles alone were exposed to adenosine at 1.0 X 10-7 M, renin release rate decreased significantly from 0.72±0.16 to 0.24±0.04 ng Al h-' -Af-'/h (P < 0.025). However, exposure to 1.0 X 10-s M adenosine did not result in a significant change in renin release from afferent arterioles alone (Table I) . Renin release rate from afferent arterioles with macula densa attached was not significantly changed by exposure to adenosine either at 10-5 M or at 10-7 M (Table I) .
Synthetic adenosine receptor agonists. When afferent arterioles alone were exposed to N6-cyclohexyl adenosine at 1.0 X 10-7 M, renin release rate decreased significantly from 0.69±0.14 to 0.39±0.12 ng AIh-' -Af-'/h (P < 0.05) (Table   II) . However, renin release was not significantly altered by exposure to N6-cyclohexyl adenosine at 1.0 X 10-5 M. 5'-N-ethylcarboxamide adenosine either at 10-5 M or 10-7 M did not significantly change renin release (Table II) .
Antagonism ofexogenous adenosine with theophylline. Pretreatment with theophylline (1.0 X 10-s M) did not affect the basal renin release rate from afferent arterioles (0.56±0.13 and 0.65±0.12 ng Al -h-' -Af-'/h in the first and second incubation periods, respectively). However, it prevented the decrease in renin release induced by adenosine at 1.0 X 10-7 M (Fig. 2) .
Antagonism of endogenous adenosine with theophylline. When afferent arterioles alone were exposed to theophylline at 1.0 X 105 M, renin release did not change significantly (0.64±0.09 and 0.57±0.11 ng Al h-' -Af-'/h in control and experimental periods, respectively). However, when afferent arterioles with macula densa attached were exposed to the same concentration of theophylline, renin release increased significantly from 0.21±0.03 to 0.46±0.08 ng Al -h-' -Af + MD-'/h (P < 0.05, Fig. 3 ).
Discussion
We have previously been shown that microdissected afferent arterioles alone and afferent arterioles with macula densa attached can be used to study renin release (11, 12) . These two Microdissected afferent arterioles alone and arterioles with macula densa attached were incubated in Medium 199 during the first incubation period (I), and then exposed to adenosine during the second incubation period (II). Values are mean±SEM; No. refers to number of experiments. *, P < 0.025 compared with control period (I); f, P < 0.025 compared to afferent arterioles alone; §, P < 0.05.
preparations allow us to study renin release in the absence of glomeruli, tubules, and macula densa; and to study the influence ofan attached macula densa on renin responses to various stimuli. Using these preparations, the present study was undertaken to examine the effects on renin release of exogenously administered adenosine and adenosine analogues; and to examine whether adenosine is involved in macula densa-mediated renin release. The results are consistent with the hypotheses that (a) adenosine decreases renin release through the activation of Al adenosine receptors, and (b) the macula densa may produce adenosine, which transmits an inhibitory signal to the juxtaglomerular cells. We have previously reported that, in rabbits fed a normal sodium diet, basal renin release rate from afferent arterioles with attached macula densa (0.25±0.03 ng Al -h-' -Af + MD-'/h) was significantly lower than that from afferent arterioles alone (0.69±0.13 ng Al h-' -Af-'/h) (12) . We speculated that this inhibitory effect of the macula densa on renin release may be due to the relatively high sodium chloride concentration of the incubation medium as compared with in vivo early distal tubular urine. Although sodium depleted rabbits were used in the present study, basal renin release rates both from afferent arterioles with macula densa (0.20±0.04 ng AI -h-' -Af + MD-1/h) and from afferent arterioles alone (0.69±0.09 ng AI -h-'. Af-'/h) were similar to those in our previous study in which normal sodium diets were used (12) . Thus, we have confirmed our earlier observation that sodium depletion does not affect renin release from microdissected afferent arterioles (1 1). In addition, these data show that the inhibitory action ofthe attached macula densa on renin release is not altered by previous sodium depletion of rabbits. These observations are in contrast with previous reports that sodium depletion increases renin release (15) (16) (17) , possibly through a macula densa-mediated mechanism (7, 18) . The difference between our present results and those of others may be due to the unique characteristics of the present preparations. First, our preparations have no interlobular arteries or efferent . Afferent arterioles were exposed to adenosine (Ado) at 1.0 X 10-7 M during second incubation period (closed symbols). *, P < 0.025 compared with control period.
arterioles, which may contribute to the increase in renin release seen during sodium depletion in other studies. Second, since tubular segments continuous with the macula densa are very short in our preparation of afferent arterioles with macula densa, it is unlikely that tubular transport would significantly reduce the concentration of sodium chloride reaching the macula densa; therefore, sodium chloride concentration at the macula densa in our preparation would closely reflect medium sodium chloride concentration and would be much higher than that in vivo. Thus, even if the macula densa provided a stimulatory effect on renin release during sodium depletion in vivo, it may supress renin release in our present preparation.
Adenosine at 1.0 X 10-' M presently decreased renin release from afferent arterioles alone; however, it did not alter renin release from afferent arterioles with macula densa attached. This result suggests that the macula densa may produce a significant amount of adenosine, possibly in response to the high sodium chloride concentration of the incubation medium (and, thus, high sodium chloride concentration at the macula densa). This endogenously produced adenosine could inhibit renin release, leading to a significantly lower basal renin release rate in afferent arterioles with macula densa attached than in afferent arterioles alone. Then, a further increase in adenosine levels by the exogenous administration of adenosine would not have any additional effect on renin release from afferent arterioles with macula densa attached. This could be compatible with previous reports that adenosine decreases renin release in sodium-depleted animals (1-3), but not in sodium-loaded animals (2, 3). These in vivo observations (2, 3) could also be interpreted in the same way; that is to say, ifendogenous levels ofadenosine were already high in sodium loaded animals, then exogenous adenosine could not further inhibit renin release.
To examine whether adenosine is involved in the inhibitory action of attached macula densa on basal renin release, we exposed afferent arterioles alone and afferent arterioles with attached macula densa to theophylline at 1.0 X 10-s M. As shown in this study, this concentration oftheophylline antagonized the inhibitory effect of adenosine on renin release. Theophylline increased renin release only in the presence of attached macula densa. During exposure to theophylline, the renin release rate from afferent arterioles with macula densa attached was no longer different than that from afferent arterioles alone. This result is in concert with the finding that exogenous adenosine inhibited renin release only in the absence ofattached macula densa. These two observations support the hypothesis that the macula densa may produce adenosine, which inhibits renin release.
It could be argued, however, that actions of theophylline other than the antagonism of adenosine receptors participated in the renin responses observed in this study. In addition to its being an adenosine receptor antagonist, theophylline is a wellknown inhibitor of phosphodiesterase (19) . However, the concentration of theophylline employed in the present study (1.0 X 10-0 M) is reported to have no effect on the tissue levels of cyclic AMP in rabbit (5) and dog (20) kidneys. Much higher concentrations of theophylline (millimolar range) are required to increase tissue levels of cyclic AMP (5, 14, 20) . This suggests that the renin response to theophylline in the present study was not due to phosphodiesterase inhibition; rather, it could have been due to antagonism of adenosine receptors.
It has now been recognized that there are at least two classes of extracellular receptors involved in the action of adenosine, namely Al and A2 adenosine receptors (13) . Al adenosine receptors have a high affinity for adenosine and in some cells couple to adenylate cyclase in an inhibitory manner (21, 22) . A2 adenosine receptors have a lower affinity for adenosine and in many cell types couple to adenylate cyclase in a stimulatory manner (21, 23, 24) . Using an isolated-perfused rat kidney preparation, Murray and Churchill (25, 26) showed that N6-cyclohexyl adenosine decreases renin secretory rate in aconcentration-dependent manner and suggested that the decrease was due to activation of AI adenosine receptors; 5'-N-ethylcarboxamide adenosine, on the other hand, stimulated renin secretion in a concentrationdependent manner, suggesting that A2 adenosine receptor agonism is associated with increases in renin secretion. Both adnosine and N6-cyclohexyl adenosine at 1.0 X l0-' M decreased renin release in the present study. However, at the higher concentration (1.0 X 10-s M), they did not alter renin release rate. This observation may be compatible with the hypothesis that juxtaglomerular cells have both Al and A2 receptors (25, 26) and that changes in intracellular cyclic AMP levels mediate the adenosine-induced renin release. In other words, low concentrations of adenosine and N6-cyclohexyl adenosine could have decreased the intracellular levels of cyclic AMP via the selective activation of Al adenosine receptors and thus decreased renin release. On the other hand, a high concentration of these compounds (for example, IO-' M adenosine or N6-cyclohexyl adenosine in the present experiments) could have nonselectively activated both Al and A2 adenosine receptors resulting in no net change in either cyclic AMP or renin secretion.
5'-N-ethylcarboxamide adenosine is a potent analogue of A2 adenosine receptors (13) ; and, it has been reported that this compound at concentrations of 1.0 jM or greater increases renin release in the isolated-perfused rat kidney (25, 26) . The reason for the failure of 5'-N-ethylcarboxamide adenosine to increase renin secretion in the present study is not known, but may be due to the difference in species (rabbits vs. rats) or the difference in the experimental preparations (isolated afferent arterioles vs. isolated-perfused kidneys). Alternatively, since 5'-N-ethylcarboxamide adenosine is not specific for A2 receptors, it may activate A1 as well as A2 receptors, resulting in no net change in renin release.
In summary, the present results are consistent with an effect of adenosine to decrease renin release which is independent of changes in hemodynamics, sodium excretion, or sympathetic nervous activity. This inhibitory action of adenosine on renin release may be mediated by the activation of Al adenosine receptors. The results are also consistent with the hypothesis that the macula densa may produce adenosine, which could be a transmitter of an inhibitory signal from the macula densa to juxtaglomerular cells. However, further experiments will be necessary to test this hypothesis both in vivo and in vitro.
